An agricultural hydro-economic System Dynamics model is built to study optimal solutions for economic efficiency of groundwater use and to achieve water and food sustainability in Wadi Al-Dawasir. Seven scenarios are proposed for the period (2017)(2018)(2019)(2020)(2021)(2022)(2023)(2024)(2025)(2026)(2027)(2028)(2029)(2030). These scenarios are designed to study the anticipated effects of the government's decision to stop growing fodder crops by 2019. The results showed that the implementation of this decision would reduce the cumulative depletion of water by 21 billion m3. In addition, the transfer from fodder to vegetable farming is the least water consuming and offers higher value agricultural products than other scenarios.
Introduction
Although the Kingdom Saudi Arabia is an energy resources rich country, it is considered as poor in regard of water resources, whereas the Kingdom is located in an arid region with an average annual rainfall of less than 100 mm. The Kingdom of Saudi Arabia occupies an area of approximately 2.15 million km 2 and having population of 31 million. Over the past three decades, Saudi Arabia has witnessed a comprehensive development in all sectors. This has created an unprecedented increase of water consumption, both in the agricultural and urban sectors causing a challenge represented in the scarcity of fresh water in the Kingdom (Ouda, 2013) .The total water consumption in Saudi Arabia is estimated at 24 billion cubic meters per year. Urban consumption (municipal and industrial) sector accounts for 17% of total demand while the agricultural sector accounts for 83% of the total water demand in Saudi Arabia (Alhassan et al., 2015) .
The water consumption of the agricultural sector depends on renewable and nonrenewable groundwater without restrictions governing efficient use of water. Whereas the cost of water borne by farmers barely exceeds the price of energy needed to pump water out of the ground, the prices of energy provided to farmers are heavily subsidized by the government, which makes the cost of water in the agricultural sector very low allowing no incentive for farmers to invest in water conservation and water use efficiency in crop production (such as agricultural reserves and drip irrigation systems). Due to the vast area of the Kingdom of Saudi Arabia and the different geographical, climatic, geological and hydrological conditions and the different agricultural and demographic circumstances, Wadi Al-Dawasir governorate is selected as a case study because it is an agriculture dominated area that is served from non renewable groundwater aquifers almost exclusive to the area. However, the model has been designed to be applicable on any other region of the Kingdom of Saudi Arabia.
Wadi Al-Dawasir has been selected in view of the fact that it is one of the major irrigation water abstraction fed from Al-Wajid confined aquifer (Non-renewable groundwater). Agricultural systems in the Wadi Al-Dawasir area consists of technically highly developed farm enterprises that operate modern pivot irrigation system. The size of the center pivot ranges from 30 to 60 ha with farms managing hundreds of them with the corresponding number of wells (Elhag and Bahrawi, 2017) . In addition to the fact that Wadi Al-Dawasir is located about 650 meters above the sea level east of Asir plateau and overlooks the northwestern edge of the Rub' al Khali desert (The empty quarter), which makes the supply of desalinated water (the alternative product of groundwater) very expensive (Gesellschaft and Dornier, 2010 b).
The agricultural operations were spread on an extensive area, using high-capacity pumps for the irrigation of crops, the most important of which being fodder crops using axial irrigation technology. Consequently, the decline in the groundwater level in 2005 was estimated by the formation of a cone depression of 150 meters in depth and 100 km. in diameter. Till to date, the availability and accessibility of groundwater is not considered as a limiting factor to be taken into consideration while adopting pumping operations in this area. Instead, agricultural development is subject to policy change. Wheat subsidy had been the driving force behind the development of pumping operations that began in the early 1980s and after the implementation of the cessation of subsidy in 1993, wheat cultivated areas declined by 73% in just two years. Thus, the cessation of subsidies should have contributed to the reduction of groundwater pumping practices. But the goal has not yet been achieved.
Agricultural production has converted from wheat towards fodder crops which has created higher demand for much water quantities. Wadi Al-Dawasir area is experiencing a heavy water pumping exceeding the demands in the 1990s when wheat cultivation was at its peak (Gesellschaft and Dornier, 2010 a).
The objective of this paper is to build a System dynamic modeling for Wadi Al-Dawasir region in the Kingdom of Saudi Arabia, such model shall be adaptable and applicable to the different regions of Saudi Arabia and other arid regions. The model will be appropriate to simulate the different scenarios imposed by the user or the decision maker in order to estimate the annual consumption of groundwater by the agricultural sector for each scenario and to estimate the savings or water deficit resulting from the application of each scenario and to study the economic dimension resulting therefrom and study the effect of the transformation of water used in each scenario from the agricultural sector to the residential sector.
Methods and Materials
The methodology of the study was based on the building of a System Dynamic Modelling to search for optimal solutions towards achieving economic efficiency of the use of groundwater in Wadi Al-Dawasir area in Saudi Arabia to achieve water and food sustainability through the use of simulation and analysis program (Stella Software), Through which the researcher has built a model to simulate several scenarios (each scenario carries a different package of water, economic and agricultural arrangements.
The model will estimate the following variables (for each scenario and for each crop and for each year for the study period 2017-2030): Simulation of agricultural areas, estimation of irrigation water quantity, estimating the total cost paid by farmers for obtaining the groundwater for irrigation, estimation of the cost of groundwater alternative source used in irrigation, estimation of the effect of the transfer of groundwater to the residential sector, estimation of the market value of agricultural products, estimation of the total costs of each crop, estimation of the farmers' annual profits, estimation of the of the annual income of trade intermediaries.
Subsequently, the economic dimension of the transformation of water savings (resulting from the application of each scenario compared to the current situation) to the urban sector through the results provided by the model is studied. The results of these models will enable the regulators of the water and agricultural sector in Saudi Arabia to identify the appropriate systemization to raise the economic efficiency of the use of groundwater in Saudi Arabia. The model is also capable of modifying the values of variables in the future to be a measuring tool that simulates the effects, which may result from any proposed water regulations before adopting.
System Dynamics
System dynamics (SD) developed during the late 1950s by Forrester at the Massachusetts Institute of Technology (Forrester, 1961) . Over the last 50 years, SD applications in water resources management have branched in many directions such as regional analysis, river basin planning, urban water, flooding, irrigation and pure process models (Zhi, et al. 2018) .
The System Dynamic Modeling is a sophisticated methodological tool used to describe the behavior of the system by means of Causal Loop Diagram or "stock and flow Diagrams" to form the dynamic system for use in the applications for which it is built. The system dynamic modeling designed on the system thinking style is a well-established methodology for measuring complex feedback in the system interactions. The system dynamic modeling is made up of the stock which is a calculator of the components of the system either spatially or temporally and the system contains the flow path where the flow rate is directed either inside or outside the system's stock, The system also contains converters that change the rates and units. All these components are assembled and logically installed to simulate the dynamic processes of the system. Most of the dynamic systems applications implemented by computer simulations were based on the use of a package of software such as (Vensim) and (Stella) (Cheng et al. 2011) .
System dynamic is a methodology used to study and manage complex systems that change as time changes using several components such as stocks, flows, converters, connectors, internal feedback loops, the system also contains tools to control the time and methods of entering and displaying data. By linking these components in a scientific manner and based on correct information we shall have a system dynamic that simulates the problem that we actually want to tackle. The researcher or decision maker can tell how much each variable affects other variables and the entire system dynamic. The effect of the time dimension on all variables can also be identified. Dynamic Simulation System enables the decision maker or researcher to study the problem in several scenarios so that the system responds to the input of each scenario in an instantaneous way to show the decision maker or researcher the dimensions of each scenario separately. The system has the potential to develop in the future and it is customizable and accessible for data entry in a manner to simulate reality and change the effects surrounding the problem in the future. There are many programs that can be used to implement the system dynamic and the most famous of these programs are (Stella) and (Vensim) (Ford, 2010) . The researcher has used (Stella) program for being characterized by better specifications than others based on the experiences of the researcher.
Data Collection
Random and stratified sample method is used to collect data. Taking into account samples suitability with the crop categories (stratified distribution of the samples), so that the samples number will not be less than 30 samples (Abdelfattah, 2013) . A field survey covering 39 farms in Wadi Al-Dawasir area, included alfalfa farms, other fodder crops, dates, vegetables and wheat has been conducted. Agricultural crops were divided into five categories, so that the class distribution of the questionnaires commensurate with the percentage of the agricultural area for each crop category in the study area in accordance with to the latest statistics of the Ministry of Environment, Water and Agriculture, which indicated that the agricultural area in Wadi Al-Dawaser area is composed of alfalfa farms which represents 47% of the cultivated lands in study area, the other fodders category represents 35%, date category 9%, vegetable category 6%, wheat category 3% of the cultivated lands in the study area (Ministry of Environment, Water and Agriculture, 2013).
A survey questionnaire was prepared for the field survey and it included the following information: (name of the farmer, means of communication, farm site, farm area, age of agricultural investment, average annual production of the farm, number of harvesting times in summer and winter, cost of well construction, cost of purchase of generators and pumps used for pumping ground water, the life span of generators and pumps used for groundwater pumping, type of irrigation system, cost of irrigation system construction, irrigation system life span, average annual maintenance cost, average annual labor cost, average annual cost for harvesting equipment , average annual cost of seed purchase, average annual cost of fertilizer purchase, average annual cost of insecticide spraying, annual cost of agricultural land lease, average annual farmer's profit, average annual income of brokers, type of fuel used to operate on-farm generators, average amount of fuel consumed on the farm, the price paid by farms for fuel). The researchers assumed that the average artesian well life and life span of generators, pumps and irrigation systems is 20 years (based on the opinion of an agricultural expert in the study area).
-The LandSat-8 satellite image was analyzed and the researchers used the ENVI program for estimating (NDVI) for each pixel of an image and then the ArcMap program was used to estimate the cultivated lands areas in Wadi Al-Dawasir region, which has been estimated at 124,698 hectares for the year 2017 ( Fig. 1 ). (Assuming that this area represents the cultivated area throughout the year) (Canada Center for Remote Sensing, 2015) .
The most important agricultural crops in the study based on the latest statistical publication issued by the Ministry of Environment, Water and Agriculture in 2013 has been evaluated (Ministry of Environment, Water and Agriculture, 2013).
The potential annual evapotranspiration (ET) (The FAO Penman-Monteith method 1998) was estimated in Wadi Al-Dawasir at ranges between 4.6 mm / day in winter and 9.1 mm / day in the summer. The average water use information for each crop and the water requirement for each crop in the study area were estimated by calculating the evapotranspiration rate -the referential for each crop (ET0) using meteorological information and the Penman-Monteith formula (Gesellschaft and Dornier, 2010 b). 
Building the System Dynamic Modeling
The dynamic system modeling was built passing through 11 Phases (Fig. 2) , Each phase contains stocks and converters that include the variables (inputs and outputs) , these variables are linked to the time dimension through the use of flows, and the mathematical linkage between all variables, both within the same stage or with variables in other stages through the connectors. The system also contains tools for time control and data entry and presentation methods. Figure 3 illustrates the structure of the system dynamic model that was built using the STELLA program.
Building of a System Dynamic Modeling Interface
The interface of the system dynamic modeling is designed so that the use of the model becomes easy and obvious for all users. The interface is divided into 16 display and entry slides and a user can easily navigate around. Figure 4 shows the main slide of the model interface, the model also contains an information entry slide for each crop where Fig. 5 shows a sample of one of the crop slides, and the rest of the slides are used to display the results of the model. Figure (6) represents a model for one of the results display models. Y: Values which calculation is obtained by Analysis. Table 1 shows the mean of error rates in the simulation results of the annual and cumulative model outputs, where the average error rate was estimated at 0.41% in the whole model.
Model Verification

The Study Scenarios
The future of the agricultural sector in the study area is linked to regulatory, economic and environmental factors that are difficult to predict. Therefore, many scenarios have been developed on the simulation program to determine the results of each scenario (each scenario depends on different regulatory, economic and environmental conditions).
One of the most obvious factors that are expected to restructure the agricultural sector in the region is the regulatory factor where the Ministry of Environment, Water and Agriculture issued a mechanism to implement controls to stop the cultivation of green fodder in the sedimentary shelf areas (including Wadi Al-Dawasr), which is expected to be implemented by the end of 2018 (Ministry of Environment, Water and Agriculture, 2018).
It can be predicted that restructuring of the agricultural sector and agricultural areas will tend to change starting from the year 2019, and consequently, seven scenarios have been developed to predict the future of the agricultural sector, starting with baseline scenario (1), which assumes that the situation remains the same without changing the agricultural areas or cropping pattern , Scenario No.
(2), which imposes non-compliance with the current policies of the water sector, also assumes the growth of cultivated areas for all crops at the rate of 1% per year.
The other scenario assumes that all fodder farms should be completely stopped and converted to other crops starting from 2019, whereas Scenario 3 assumes that all green fodder farms to be converted to wheat farms (one crop / year). Scenario (4) assumes that all green fodder farms to be converted to vegetable farms (cultivating one crop / year), Scenario (5) assumes that all green fodder farms to be converted to vegetable farms (cultivating two crops / year), (and scenario (6) assumes to convert the green fodder farms (in equal bases) to wheat farms (cultivating one crop / Year) and vegetables farms (cultivating one crop / year), and finally scenario (7) assumes to convert green fodder farms (in equal bases) to wheat farms (cultivating one crop / year) and vegetables (cultivating two crops / year).
Results and Discussion
All scenarios depend on the persistence of the agricultural area during the study period (2017-2030) with a total of 124.5 thousand hectares, except for Scenario No. 2, which is estimated to reach 141.5 thousand hectares in 2030. Agricultural areas will increase by 1% annually (see Fig. 7 and Table 2 ).
The results showed that the baseline scenario will consume approximately 45.4 billion cubic meters of water for the entire study period (2017) (2018) (2019) (2020) (2021) (2022) (2023) (2024) (2025) (2026) (2027) (2028) (2029) (2030) . The results showed that Scenario No. (2) is the most water consuming at the rate of 48.5 billion cubic meters for the entire study period. Scenarios (3, 4, 6) are the least water consuming at about 24.5 billion cubic meters for the entire study period (see Fig. 8 and Table 2 ).
The value of the quantity of accumulated water consumed in the agricultural sector for the period (2017-2030) can be Estimate their value by assuming its transfer to the residential sector and estimating the number of people to be satisfied with this water where the average per capita consumption of water is 22 liters / day / person (Gesellschaft and Dornier, 2010 c). The results showed that the quantity of water used in the agricultural sector for the baseline scenario is estimated to be sufficient for 40.4 million people per year throughout the study period (2017) (2018) (2019) (2020) (2021) (2022) (2023) (2024) (2025) (2026) (2027) (2028) (2029) (2030) . The estimated water consumption in the second scenario is enough to cover the demand for approximately 43 million people per year throughout the study period. Lowest water consumption (3,4,6) It is estimated that the water consumed in the agricultural sector will be sufficient for approximately 21.8 million people per year throughout the study period (2017-2030) (see Fig. 9 and Table 2 ).
The study assumed that the estimation of the opportunity cost of water is another tool for measuring the value of groundwater by estimating the cost of obtaining to water from an alternative source (the price of water provided by the National Water Company, which was produced from water desalination projects) (National Water Company 2018), while assuming inflation and price stability .Through this tool, the results of the study scenarios can be compared. The results showed that the opportunity cost of water cumulatively consumed during the study period (2017-2030) for Scenario (2) is estimated at about 291.1 billion riyals while baseline scenario (1) is estimated at about 272.7 billion riyals, while scenarios (3,4,6) Estimated the alternative cost at about 147 billion riyals, which is the lowest.
To address the problem more thoroughly, it was necessary to highlight the real cost paid by farmers against water supply for the entire study period (2017-2030) while assuming inflation and price stability, as this cost does not exceed 8.6 billion riyals for the baseline scenario and does not exceed only 9.2 billion for scenario (2) and the cost paid by farmers to access water goes down to only 6.4 billion riyals of scenario (3) (this difference is due to the difference in cultivated crops, irrigation methods and water extraction). Consequently, the real costs of groundwater extraction are very low when compared to the opportunity cost or the number of people who can benefit from this water if converted to the residential sector (see Fig. 10 and Table 2 ).
By comparing the cumulative market value of the agricultural sector products (including the cost of agricultural production, the profits of farmers with the intermediaries income while assuming inflation and price stability), the estimated cumulative market value of the baseline scenario is 63.8 billion SR and this figure will increase to 68.2 billion SR for scenario (2). These figures are relatively low if we compare them with the cumulative market value of agricultural sector products for scenario (5) , which is estimated to exceed 543.9 billion SR, the highest market value of agricultural products in the study scenarios (See Fig. 11 and Table 2 ). This is attributed to the fact that this scenario depends on the replacement of green fodder crops with vegetable farms (two crops a year) as vegetable crops which generate a very high income for intermediaries, as estimated in scenario (5) at about 403.4 billion riyals, while farmers' profits did not exceed 83.5 billion riyals ( Fig. 12 and Table 2 ). Fig. 8 . Estimation of the cumulative quantity of water used in irrigation for the agricultural sector for each scenario. Fig. 9 . Estimation of The number of population to be satisfied with the irrigation water assuming its transfer to the residential sector for each scenario. 
Conclusion
A System Dynamics Modelling to search for optimal solutions for the economic efficiency of groundwater use and to achieve water and agriculture sustainability in the Wadi Al-Dawasir region has been developed. This model is designed such that it can be applied to any area in the Kingdom of Saudi Arabia. Stella Software was utilized for the model built.
The current study has proposed seven scenarios (each scenario includes a set of regulations and variables) to be introduced into the model and studying its results for the period (2017) (2018) (2019) (2020) (2021) (2022) (2023) (2024) (2025) (2026) (2027) (2028) (2029) (2030) . These scenarios were designed to study the anticipated effects of the decision of the Ministry of Environment, Water and Agriculture to organize the agricultural practices and stop the cultivation of fodder crops in Wadi Al-Dawasir area.
The results of Wadi Al-Dawasir area simulation showed that the continuation of agricultural areas and structures on its present day status until 2030 will lead to the depletion of approximately 45.4 billion cubic meters of water, and the figure could reach 48.5 billion cubic meters of water if the agricultural areas expand by 1% annually.
But the implementation of the decision to stop the cultivation of fodder crops will reduce the cumulative depletion of water to 24.5 billion cubic meters if farmers replaced the green fodder crops with wheat or vegetables, and farmers are being compelled to cultivate a single crop in the year. Consequently, the current study arrived at that the cumulative depletion difference, if the decision were to be applied , will be at 21 billion cubic meters of water for the study period which is sufficient to cover the needs of 18.6 million people per year in the residential sector throughout the study period. The cost of alternative opportunity for water which can be conserved through the activation of stopping of the cultivation of green fodders crops resolution, is estimated at 126 billion riyals throughout the study period.
With the exclusion of the scenarios that assume to allow farmers to grow more than one crop in a year, the results showed that transfer from green fodder to vegetable cultivation (Scenario 4) will achieve the higher market value of agricultural products, with cumulative market value of agricultural products estimated at 283.5 billion SR for the entire period until 2030.
However, the lion's share of the market value of vegetable products will be directed to trade intermediaries where their cumulative income in Scenario (4) was estimated at 205 billion SR compared to 46.3 billion SR estimated for cumulative farmers' profits for the whole study period. The researcher has accounted this to the presence of an extensive series of commercial intermediaries between the farmer and the consumer. This series goes through several business deals which impose profit for mediators in each deal.
The researchers argue that the transfer from fodder to vegetable farming, compelling farmers to grow a single crop in a year, which is the least water-consuming scenario and offers higher value agricultural products than other options while maintaining the same cultivated areas. The researchers also believe that the agricultural sector needs to be organized in regard of the marketing sector as the commercial intermediaries capture a very high share of profits compared to farmers, the organization of the marketing process will regulate the supply and demand process and enhance the profits of the farmers and keep them willing to respond to the parties calling for water conservation through installation of sophisticated irrigation systems leading to water saving and producing higher quality crops.
